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Abstract: Biocompatibility, safety, and risk assessments of superparamagnetic iron oxide 
nanoparticles (SPIONs) are of the highest priority in researching their application in biomedi-
cine. One improvement in the biological properties of SPIONs may be achieved by different 
functionalization and surface modifications. This study aims to investigate how a different 
surface functionalization of SPIONs – uncoated, coated with d-mannose, or coated with poly-
l-lysine – affects biocompatibility. We sought to investigate murine neural stem cells (NSCs) as 
important model system for regenerative medicine. To reveal the possible mechanism of toxicity 
of SPIONs on NSCs, levels of reactive oxygen species, intracellular glutathione, mitochondrial 
membrane potential, cell-membrane potential, DNA damage, and activities of SOD and GPx 
were examined. Even in cases where reactive oxygen species levels were significantly lowered 
in NSCs exposed to SPIONs, we found depleted intracellular glutathione levels, altered activities 
of SOD and GPx, hyperpolarization of the mitochondrial membrane, dissipated cell-membrane 
potential, and increased DNA damage, irrespective of the surface coating applied for SPION 
stabilization. Although surface coating should prevent the toxic effects of SPIONs, our results 
showed that all of the tested SPION types affected the NSCs similarly, indicating that mito-
chondrial homeostasis is their major cellular target. Despite the claimed biomedical benefits 
of SPIONs, the refined determination of their effects on various cellular functions presented in 
this work highlights the need for further safety evaluations. This investigation helps to fill the 
knowledge gaps on the criteria that should be considered in evaluating the biocompatibility 
and safety of novel nanoparticles.
Keywords: superparamagnetic iron oxide nanoparticles, biocompatibility, oxidative stress, 
genotoxicity, murine neural stem cells
Introduction
With the rapid developments in cell biology, regenerative medicine has evolved as 
a new field in which new treatment strategies employing the therapeutic capacity of 
stem cells increase steadily in number. The ability of stem cells to differentiate into 
multiple lineages of somatic cells facilitates their therapeutic use in regenerating 
or replacing damaged tissues.1,2 This brings a number of opportunities for treat-
ing degenerative diseases or repairing injured tissue, such as in the postischemic 
brain.1–4 In assessing the therapeutic possibilities of stem cells, accurate tracking 
methods for determining the dynamics of cell migration and differentiation after 
implantation into the host organ are needed.3,4 One of the most useful, successful, and 
noninvasive methods in cell tracking is cellular magnetic resonance imaging (MRI), 
which uses a different contrasting agent in order to enable a good visualization 
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of the cells.1–5 Among the various MR-contrast media, 
superparamagnetic iron oxide nanoparticles (SPIONs) are 
the most extensively studied, due to their efficacy, clinical 
applicability, and safety.1–5 SPIONs are also used in other 
emerging fields of nanomedicine and nanoscience (mag-
netic hyperthermia, drug/gene delivery, tissue engineer-
ing, gene delivery, cell sorting, MRI-assisted diagnosis, 
and surgery).1,2 Several classes of SPIONs were initially 
approved for clinical use, such as Feridex, Combidex, 
Feraheme, Endorem, and Resovist, but approval was later 
withdrawn.6–8 Although successful for many applications 
and claimed to be safe, the response of the cells after label-
ing with SPIONs still needs to be clarified in detail.4–7 The 
biosafety of nanoparticles (NPs) is a prerequisite for their 
application in biomedicine.9 One of the major challenges 
in theranostic applications of SPIONs is to improve their 
selectivity and efficacy and reduce their side effects.5 
There is accumulated evidence that metallic NPs have 
cytotoxic potential due to an enhanced reactive surface area 
and the ability to cross cell and tissue barriers.2,7,10 Some 
studies have shown that SPION accumulation may affect 
normal physiological stimuli, differentiation of cells, and 
even cause oxidative stress to cells.4 It has been reported 
that labeling of cells with SPIONs for a longer period 
leads to a transient increase in reactive oxygen species 
(ROS).5 The discharge of iron from SPIONs may occur in 
the lysosomes due to their acidic pH and the presence of 
reducing compounds, such as cysteine, ascorbic acid, and 
glutathione (GSH).11 Once the free iron enters the cytosol, 
it is able to interact with hydrogen peroxide physiologically 
formed by different types of enzyme-catalyzed reactions, 
generating free radicals.12,13 In general, the cellular oxida-
tive stress caused by the formation of ROS is considered 
to be a key mechanism of nanomaterial toxicity.2,10,14–19 
Moreover, oxidative stress, together with its secondary 
consequences, is known to be involved in the pathogenesis 
of many diseases, such as cancer, diabetes, and respiratory 
problems, as well as in aging processes.19,20 In vivo experi-
ments have demonstrated that the composition, size, and 
surface functionalization of NPs dictate their toxicity.21 In 
addition, modification in surface properties may improve 
cellular internationalization while decreasing the possible 
side effects.22,23
Safety and risk assessments of metallic NPs are of the 
highest priority for investigating their possible application 
in biomedicine.7,24–26 In vitro methods constitute valuable 
tools for fast screening and identification of toxic potential 
of NPs indicating those NPs that must be submitted to 
longer-term in vivo tests.27,28 Furthermore, screening results 
may serve to identify the physicochemical characteristics 
responsible for NP safety/toxicity aiding to the safer 
design of NPs.29
The aim of this study was to investigate how different sur-
face functionalization of SPIONs affected their biocompat-
ibility. Several types of SPIONs have already been developed 
with functionalized biocompatible polymers and targeting 
agents.2,30–33 They exhibit improved properties, such as higher 
relaxivity, better colloidal stability, and easier internaliza-
tion by cells, compared to commercial contrast agents.2,30–35 
To investigate the role of surface coating on their potential 
cytotoxicity, we selected three types of SPIONs: uncoated 
(UnSPIONs), coated with d-mannose (ManSPIONs), and 
coated with poly-l-lysine (PLLSPIONs). The study was done 
on neural stem cells (NSCs) as an important model system for 
regenerative medicine.34 To reveal the possible mechanisms 
of SPION toxicity, ROS and intracellular GSH levels, mito-
chondrial membrane potential (MMP), cell MP (CMP), SOD 
and GPx activity, and DNA damage were examined. Indeed, 
all of the tested SPIONs showed a substantial influence on 
NSCs, implying that their use in vivo can be associated with 
noticeable side effects.
Materials and methods
Chemicals and materials
If not otherwise stated, chemicals were obtained from Sigma-
Aldrich (St Louis, MO, USA). Phenol-red free Dulbecco’s 
Modified Eagle’s Medium (DMEM) with 4.5 g/L glucose 
and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES) as the buffering agent (product number 12-709) 
was obtained from Lonza (Basel, Switzerland). The plastic 
and glassware used for chemical analysis were from 
Sarstedt (Nümbrecht, Germany). Osmium tetroxide was 
purchased from Agar Scientific (Stansted, UK) and epoxy 
resin (medium hard) from TAAB Laboratories Equipment 
(Aldermaston, UK). GPx and SOD assay kits were purchased 
from Cayman Chemical (Ann Arbor, MI, USA). All dilutions 
were made with high purity deionized water (18.2 MΩcm), 
obtained from a Milli-Q® system (EMD Millipore, Billerica, 
MA, USA).
Synthesis and characterization of SPIONs
Three different superparamagnetic iron oxide (γ-Fe
2
O
3
) 
NPs – UnSPIONs, ManSPIONs, and PLLSPIONs – were 
prepared according to previously described methods.35 
Briefly stated, UnSPIONs were prepared by coprecipitation 
of FeCl
2
 and FeCl
3
, followed by the oxidation of the resulting 
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magnetite with sodium hypochlorite.30 The postsynthesis 
coating of UnSPIONs with d-mannose or poly-l-lysine 
was achieved by addition of d-mannose or poly-l-lysine to 
the primary uncoated maghemite cores.33 Careful charac-
terization and colloidal stability evaluation of each SPION 
type was conducted in both ultrapure water (UPW) and 
phenol-red free DMEM as cell-free culture medium. Particle 
morphology and particle-size distribution were examined by 
transmission electron microscopy (TEM; 902A; Carl Zeiss 
Meditec AG, Jena, Germany) operated in bright-field mode 
at an acceleration voltage of 80 kV. Images were recorded 
with a Canon PowerShot S50 camera attached to the micro-
scope. TEM samples were prepared by depositing a drop 
of the particle suspension on a Formvar-coated copper grid 
and air-drying at room temperature. The size and charge of 
SPIONs were measured at 25°C by dynamic light scattering 
(DLS) and electrophoretic LS at 173°C using Zetasizer Nano 
ZS (Malvern Instruments, Malvern, UK) equipped with a 
green laser (532 nm). The hydrodynamic diameter (d
H
) was 
obtained as a value at the peak maximum of the particle-size 
volume-distribution function. Size values are reported as an 
average of ten measurements. The charge of the NPs was 
characterized by ζ-potential values, which were calculated 
from the measured electrophoretic mobility. Results are 
expressed as an average value of five measurements. The 
data were processed by the Zetasizer software (6.32; Malvern 
Instruments). Detailed information on the characterization of 
the three types of SPIONs is given in a previously published 
study.36 A stock solution of SPIONs (4 mg/mL) was prepared 
in UPW. Before each experiment, dilutions of SPION suspen-
sions were performed in DMEM followed by sonication for 
10 minutes in a sonication bath on ice.
animals
Wild-type C57Bl/6NCrl mouse fetuses were used to obtain 
NSCs. All animal procedures were approved by the internal 
review board of the ethics committee of the School of Medi-
cine, University of Zagreb, and were in accordance with the 
ethical codex of the Croatian Society for Laboratory Animal 
Science and with EU Directive 2010/63/EU on the protection 
of animals used for scientific purposes. In compliance with 
the regulations, extreme caution was taken to ameliorate and 
minimize the suffering of the animals. All of the animals 
were used only once.
Neural stem cell culture and treatment
NSCs were isolated from pregnant wild-type C57Bl/6NCrl 
females. At gestation day 14.5, embryos were isolated 
and parts of the telencephalic wall were microdissected 
and dissociated using StemPro Accutase® (Thermo Fisher 
Scientific, Waltham, MA, USA). After mechanical cell 
dissociation by trituration, round stem cells were obtained. 
Cells were maintained at 37°C in a humidified atmosphere 
with 5% CO
2
/95% O
2
. As it has been well established that 
temperature, among other physicochemical parameters, has 
significant effects on the nature of interaction between NPs 
and biological surfaces,37 the temperature was very carefully 
controlled during all cell experiments by performing them 
in a New Brunswick Galaxy 48R incubator (Eppendorf 
AG, Hamburg, Germany). The proliferation medium 
contained: DMEM/F-12 with GlutaMax, 1% N2, 2% B27, 
1% penicillin–streptomycin, EGF (20 ng/mL), and FGF 
(10 ng/mL) (all Thermo Fisher Scientific). The neurospheres 
were dissociated and NSCs plated in a single-cell state for 
further experiments. All of the plates had been previously 
coated for 12 hours with 50 µg/mL poly-d-lysine water solu-
tion (Sigma-Aldrich).
Prior to each experiment, cells were seeded in quintu-
plicate at a density of 2×106, 8×105, and 1×104 cells/well 
on 6-, 12-, or 96-well plates, respectively. At 24 hours after 
NSC plating, the culture medium was refreshed and supple-
mented with increasing concentrations of SPIONs (20, 100, 
and 200 mg/L). This concentration range was chosen accord-
ing to previously published results on labeling efficiency 
without adverse effects of UnSPIONs and ManSPIONs in rat 
bone marrow stromal cells.30 Control cells without treatment 
were included in each analysis. At the end of the exposure 
period, the toxicity end points were evaluated in the control 
and exposed cells. Each experiment was repeated at least 
three times.
Cell viability
Viability of NSCs was measured using Cell Counting Kit 8, 
which utilizes tetrazolium salt WST-8 (2-[2-methoxy-4-
nitrophenyl]-3-[4-nitrophenyl]-5-[2,4-disulfophenyl]-2H-
tetrazolium, monosodium salt). WST-8 is reduced by cell 
dehydrogenases to give a highly water-soluble yellow for-
mazan product. The amount of the formazan dye is directly 
proportional to the number of living cells.
The NSCs were treated with SPIONs for 24 hours at 
37°C. Negative controls without treatment were used for 
each analysis. Cells treated with dimethyl sulfoxide were 
used as positive controls. At the end of the treatment, the cells 
were washed three times with 200 µL phosphate-buffered 
saline (PBS)/well to minimize the interferences of SPIONs 
with the assay.
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The washing steps were critical, because SPION 
concentration should be decreased as much as possible to 
reduce the risk of interference, as shown previously.36 How-
ever, the washing needed to be gentle, careful, and highly 
reproducible, as the NSCs may be easily detached from the 
culture plate and removed with the supernatants. After wash-
ing, 10 µL of WST-8 solution was added to each well. After 
4 hours’ incubation at 37°C, optical density at 450 nm was 
determined for each well using a Victor multiplate reader 
(PerkinElmer, Waltham, MA, USA).
Measurement of intracellular rOs level
ROS production in NSCs treated with SPIONs was deter-
mined using 2′,7′-dichlorodihydrofluorescein diacetate 
(DCFH-DA) and dihydroethidium (DHE) staining. The 
molecular probes DCFH-DA and DHE are both nonfluores-
cent unless oxidized by intracellular ROS.
DCFH-DA penetrates cell membranes freely and is 
hydrolyzed by cellular esterases to form DCFH, which is 
oxidized to the fluorescent 2′,7′-dichlorofluorescein (DCF) in 
the presence of hydroxyl radicals.38 DHE oxidized in the pres-
ence of a superoxide radical to fluorescent 2-hydroethidium 
(EOH), which is stable within the cell, allowing for precise 
measurement of DHE fluorescence without risk of intercon-
version variability.5
Dose-dependent measurements of ROS generation 
were done by incubating cells with SPIONs (20, 100, and 
200 mg/L) for 4 hours at 37°C. Hydrogen peroxide-treated 
cells (100 µM H
2
O
2
) were used as positive controls and 
untreated cells used as negative controls. After treatment, the 
cells were washed three times with PBS (to avoid interfer-
ence), followed by staining with 20 µM DCFH-DA or 20 µM 
DHE for 30 minutes at 37°C. Cells were then washed twice 
with PBS and analyzed using the Victor multiplate reader at 
an excitation wavelength of 485 nm and emission wavelength 
of 535 nm. Data are expressed as percentage fluorescence 
compared with relevant negative controls.
To evaluate dynamic conditions of cell response to 
oxidative stress, additional experiments were done in 
which NSCs were exposed first to different concentrations 
of SPIONs for 4 hours at 37°C, then washed with DMEM, 
incubated in DMEM for an additional 4 hours at 37°C, fol-
lowed by DCFH-DA and DHE staining for 30 minutes at 
37°C, then washed twice with PBS and analyzed using a 
multiplate reader.
Quantification of intracellular GSH
Analysis of intracellular GSH levels was performed 
using a fluorogenic bimane probe – monochlorobimane 
(MBCl) – which reacts specifically with GSH to form a 
fluorescent adduct.39 After treatment with SPIONs for 4 hours 
at 37°C, the NSCs were washed three times with PBS, fol-
lowed by incubation with 50 µM MBCl for 20 minutes 
at 37°C. The cells were then washed twice with PBS and 
analyzed using the Victor multiplate reader at an excitation 
wavelength of 355 nm and emission wavelength of 460 nm. 
Negative (untreated) and positive (treated with 100 µM H
2
O
2
) 
cell-treatment controls were included in each experiment. 
Dynamic oxidative stress conditions were evaluated by treat-
ing the NSCs with SPIONs for 4 hours at 37°C and washing 
them afterward with DMEM, followed by incubation in 
DMEM for an additional 4 hours at 37°C. Then, NSCs were 
stained with 50 µM MBCl for 20 minutes at 37°C, washed 
twice with PBS, and analyzed using the multiplate reader. 
All of the data are expressed as percentage fluorescence 
compared to relevant negative controls.
Determination of enzyme activities
After treatment of NSCs with SPIONs for 4 hours at 37°C, 
the medium was removed. The adherent cells were washed 
three times with PBS solution, detached from plates using 
Accutase, and then collected by centrifugation at 1,500 g for 
10 minutes at 4°C. Negative (untreated) and positive (treated 
with 100 µM H
2
O
2
) cell-treatment controls were included in 
each experiment.
For determination of GPx activity, the collected cells were 
suspended and lysed on ice by ultrasound for 15 seconds in 
cold 50 mM Tris-HCl buffer (pH 7.5) containing 5 mM ethyl-
enediaminetetraacetic acid (EDTA) and 1 mM dithiothreitol. 
Subsequently, the lysates were clarified by centrifugation at 
10,000 g for 15 minutes at 4°C to remove cellular debris and 
used for determination of enzyme activities. The total GPx 
(EC 1.11.1.9) activity was measured using a GPx assay kit 
(Cayman Chemical) which measures GPx activity indirectly 
by a coupled reaction with GSH reductase. Oxidized GSH 
produced upon reduction of H
2
O
2
 by GPx was recycled 
to its reduced state by GSH reductase and NADPH. The 
oxidation of NADPH to NADP+ was accompanied by a 
decrease in absorbance at 340 nm. Under conditions in which 
GPx activity is rate-limiting, the rate of decrease measured 
at 340 nm is directly proportional to the GPx activity in 
the sample. The absorbance was recorded using the Victor 
multiplate reader. All GPx activities were calculated as 
nmol/min/mL.
For determination of SOD activity, the collected cells 
were suspended and lysed on ice by ultrasound for 15 seconds 
in cold 20 mM HEPES buffer pH 7.2 containing 1 mM 
ethylene glycol tetraacetic acid, 210 mM mannitol, and 
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70 mM sucrose. Subsequently, the lysates were clarified 
by centrifugation at 1,500 g for 5 minutes at 4°C, and 
supernatants were used for determination of enzyme activi-
ties. The total SOD (EC 1.15.1.1) activity was measured using 
a SOD assay kit (Cayman Chemical). The method utilizes 
tetrazolium salt for detection of superoxide radicals gener-
ated by xanthine oxidase and hypoxanthine. The absorbance 
at 450 nm, measured by using the Victor multiplate reader, 
was directly proportional to the SOD activity in the sample. 
One unit of SOD is defined as the amount of enzymes needed 
to exhibit 50% dismutation of the superoxide radical. The 
SOD assay measures all three types of SOD (Cu/Zn, Mn, and 
Fe SOD). All SOD activities were calculated as U/mL. All 
enzyme activities are expressed as percentage of controls.
Measurement of mitochondrial 
membrane potential
Changes in MMP were estimated using the fluorescent car-
bocyanine dye 3,3′-dihexyloxacarbocyanine iodide (DiOC
6
), 
which rapidly reaches equilibrium in the mitochondria with 
low quenching effects when used at low nanomolar concen-
trations.40 This lipophilic cationic dye is concentrated within 
mitochondria and released during mitochondrial membrane 
depolarization.40
After treatment with SPIONs for 4 hours at 37°C, the 
NSCs were washed three times with PBS to avoid interfer-
ence with fluorescent dye. Then, cells were incubated with 
20 nM DiOC
6
 for 30 minutes at 37°C. The stained cells 
were then washed with PBS and analyzed using the Victor 
multiplate reader at an excitation wavelength of 485 nm 
and emission wavelength of 510 nm. Negative (untreated) 
and positive (treated with 500 µM H
2
O
2
) cell-treatment 
controls were included in each experiment. The data are 
expressed as percentage fluorescence compared to relevant 
negative controls.
Evaluation of changes in membrane 
potential
Changes in the CMP of treated NSCs compared to control 
cells were measured using an ion-channel MP assay kit 
(MPF-Kit2; Fivephoton Biochemicals, San Diego, CA, USA). 
This kit provides an easy-to-use, highly sensitive, accurate 
quantitative method to measure changes in ion flux and MP 
using fluorescent voltage-sensitive dyes and quencher mix-
tures that eliminate the need for washes, and minimize data 
scatter, without a patch-clamp technique. MP-assay oxonol 
dyes enter depolarized cells and bind to intracellular proteins 
or membranes, resulting in enhanced fluorescence and a red 
spectral shift. An increase in membrane depolarization leads 
to an elevated influx of voltage-sensitive dye and an increase 
in fluorescence.
After treatment with SPIONs for 4 hours at 37°C, the 
NSCs were washed three times with PBS to avoid interfer-
ence with fluorescent dye. Then, the assay was performed 
according to the manufacturer’s instructions. The stained 
cells were then analyzed, without any washing step, using 
the Victor multiplate reader at 530 nm excitation and 565 nm 
emission. Time courses were generated by recording fluores-
cence intensities every 30 seconds for 5 minutes.
Relative changes in fluorescence intensity (∆F/F
0
) were 
calculated as the difference between fluorescence intensities 
of treated and control (untreated) cells (∆F) divided by the 
initial intensity value (F
0
). Using Boltzmann distribution, 
changes in MP were calculated according to previous analy-
sis41 and using the following equation:
 ∆ ∆E
RT
zF F
F
=
+








ln
1
1
0
 (1)
where R, T, z, and F represent the gas constant, the absolute 
temperature, the apparent charge, and Faraday’s constant, 
respectively.
comet assay
DNA damage in NSCs was detected by the use of an alkaline 
version of the comet assay.8 After treatment with SPIONs for 
24 hours at 37°C, cells were washed with PBS and detached 
by the use of Accutase in order to gain single-cell suspen-
sion (confirmed by light microscopy) and resuspended in 
3 mL of DMEM. A single-cell suspension was centrifuged 
at 800 rpm for 8 minutes in order to remove the nonacti-
vated Accutase. The supernatant was removed and 100 µL 
of DMEM was added. Aliquots of 10 µL of this suspension 
(counted in order to gain a count of 104 cells per microscopic 
slide prepared) were mixed with 100 µL of 0.5% low-melting 
agarose, and the suspension was placed on slides precoated 
with 200 µL of 1% normal-melting agarose. Slides were 
allowed to solidify on ice for 10 minutes and afterward kept 
in prechilled lysis solution (2.5 mol/L NaCl, 100 mmol/L 
Na
2
EDTA, 10 mmol/L Tris, pH 10, 1% sodium sarcosinate, 
1% Triton X-100, 10% dimethyl sulfoxide) at 4°C. After 
1 hour, the slides were placed in freshly prepared denaturation 
and electrophoresis buffer (10 mmol/L NaOH, 200 mmol/L 
Na
2
EDTA, pH 13), incubated for 20 minutes at 4°C, and elec-
trophoresed in new solution for denaturation for 20 minutes 
at 25 V and 300 mA. Finally, the slides were neutralized 
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three times, 5 minutes each time, in 0.4 mol/L Tris buffer 
(pH 7.5) and analyzed the same day. The slides were kept 
in a humid atmosphere in the dark at 4°C until staining and 
further analysis. Negative (untreated) cell-treatment controls 
were included in each experiment. Experiments were done 
in duplicate and analyzed for statistical differences between 
the same treatments.
For image analysis, slides were stained with 100 µL 
of 20 µg/mL ethidium bromide solution for 10 minutes. 
A minimum of 110 randomly selected DNAs per sample 
(55 comets/slide) were scored. Comets were randomly cap-
tured at a constant depth of the gel, avoiding the edges of the 
gel, occasional dead cells, and DNA near or trapped in an air 
bubble and superimposed comets. Microscopic slides were 
examined at 250× magnification with a fluorescence micro-
scope (excitation filter 515–560 nm, barrier filter 590 nm; 
Zeiss), and DNA-damage parameters were scored using a 
computer-based image-analysis system (Comet Assay IV; 
Perceptive Instruments, Bury St Edmunds, UK) attached 
to a fluorescence microscope with a charge-coupled device 
camera. Undamaged DNA has a round shape, and damaged 
DNA has the shape of a comet. The tail of the comet repre-
sents the amount of DNA damage. The parameters selected 
for the quantification of DNA damage were comet-tail 
length (in micrometers, calculated from the center of the 
head of the comet) and tail intensity (percentage DNA in 
comet tail). The extent of DNA damage, as recorded by the 
alkaline comet assay, was analyzed considering the mean 
(± standard deviation of the mean), median, and range of 
the comet parameters measured.
statistical analysis
Differences between treatments for the different measured 
variables were tested using the Mann–Whitney U-test and 
one-way analysis of variance with post hoc Scheffé test 
and Pearson’s χ2 test. In other cases, the differences against 
controls were tested using the Dunnett test or Kruskal–Wallis 
analysis of variance by Ranks test (nonparametric test used 
when assumptions of homogeneity of variances were not 
reachable). The minimal significance level was P,0.05. 
All statistical analyses were computed using Statistica 10.0 
(StatSoft Inc, Tulsa, OK, USA).
Results
In the present study, we evaluated the response of NSCs to 
exposure to three different types of SPIONs applied at three 
different concentrations (20, 100, and 200 mg/L) at two dif-
ferent time points (4 and 24 hours). The two types of surface 
coatings (d-mannose and poly-l-lysine) were selected for 
their known biocompatibility within central nervous system 
applications,30,33,35 while UnSPIONs were used for the pur-
pose of comparison.
Nanoparticle characterization
SPION particle size, surface charge, and aggregation behav-
ior have previously been studied in detail in both UPW 
and DMEM using TEM, DLS, and electrophoretic LS.36 
Hydrodynamic diameter (d
H
), polydispersity index (PDI) 
and ζ-potential were verified just before the cell experiments. 
In UPW, the volume size distribution was monomodal for 
UnSPIONs and ManSPIONs, whereas PLLSPIONs had 
a bimodal distribution. DLS data showed that all SPION 
types were ~100 nm in size and characterized by negative 
ζ-potential values (Table 1). Only PLLSPIONs had an 
additional large population of 443.4±105.7 nm particles 
(63%), indicating their partial aggregation already in UPW. 
Indeed, their ζ-potential of close to zero (-4.8±0.3 mV) 
may have decreased long-term colloidal stability. Although 
PLL coating should lead to a net positive surface charge 
of NPs, the slightly negative ζ-potential may have been 
Table 1 hydrodynamic radii (dh), ζ-potential, and polydispersity index (PDI) of different superparamagnetic iron oxide nanoparticles 
(SPIONs): uncoated (Un), coated with d-mannose (Man), or poly-l-lysine (Pll) in ultrapure water (UPW) and cell-free culture medium 
(DMEM) after 1 hour
SPION  
type
UPW DMEM
dH, nm (% mean volume) ζ-potential (mV) PDI dH, nm (% mean volume) ζ-potential (mV) PDI
Un 108.6±3.4 (99%) -27.9±0.5 0.2 114.3±33.2 (3.2%)
797.4±128.6 (96.8%)
-15.5±1.6 0.4
Pll 117.8±34.6 (37%)
443.4±105.7 (63%)
-4.8±0.3 0.5 165.4±49.3 (51%)
657.1±181.6 (49%)
-15.0±1.1 0.7
Man 101.1±3.2 (99%) -18.4±0.9 0.2 131.6±29.7 (2.9%)
696.6±164.7 (97.1%)
-16.9±1.3 0.3
Note: There were two subpopulations of nanoparticles (NPs) clearly identified by the dynamic light scattering measurements, where smaller NPs represented 3.2% of total 
population, while larger particles represented 96.8% of total population.
Abbreviation: DMEM, Dulbecco’s Modified Eagle’s Medium.
International Journal of Nanomedicine 2016:11 submit your manuscript | www.dovepress.com
Dovepress 
Dovepress
1707
response of neural stem cells to sPION exposure
the result of negative ions left after particle synthesis and 
attached to the PLL. Another explanation for the observed 
ζ-potential of PLLSPIONs may be that the PLL polymer 
chain was not fully adsorbed to the particle surface. Some 
part of the chain is adhered to the surface through dielectric 
and complex interaction, and the other chain part remains 
floating in supernatant around the particle.33 The drawback 
of the ζ-potential measurement is that it does not measure 
surface potential, but rather its gradient at a certain distance 
from the solid surface.
The recorded TEM images were in accordance with 
DLS data (Figure 1). Upon dispersal in cell-free culture 
medium (DMEM), a significant aggregation of UnSPIONs 
and ManSPIONs occurred, in agreement with previously 
published data.36 The decreased SPION stability in DMEM 
may be explained by the decreased absolute ζ-potential 
values affecting the electrostatic stabilization, which became 
insufficient to prevent particle aggregation (Table 2). 
However, surface charge became more negative only for 
PLLSPIONs, consistent with their similar size distributions 
in UPW and DMEM.
Effect of SPIONs on cellular viability
The Cell Counting Kit assay was used to measure surro-
gate-cell viability by detecting mitochondrial reductase 
activity in living NSCs. None of the tested SPIONs induced 
a significant reduction in NSC viability after 24 hours 
of exposure (Figure 2). This is consistent with previous 
studies, which showed that SPIONs efficiently label stem 
cells without inducing cytotoxicity up to a concentration of 
200 mg/L.4,5,7
generation of rOs
The intracellular generation of hydroxyl and superoxide 
radicals was evaluated using the fluorescent dyes DCFH-DA 
and DHE, respectively. After NSCs had been exposed to dif-
ferent SPIONs for 4 hours, DCF and EOH fluorescence were 
measured and expressed as percentage of control (untreated 
cells). Levels of superoxide radicals significantly decreased 
in NSCs in a dose-dependent manner for all three types of 
SPIONs (Figure 3). For UnSPIONs and ManSPIONs, for-
mation of hydroxyl radicals also decreased as the SPION 
dose increased. The PLLSPIONs induced significant 
increase in DCF fluorescence at the lowest dose, while 
the highest dose led to a significant decrease in hydroxyl 
radicals. Although significant, no differences in ROS levels 
between the treated and control NSCs were higher than 
20%. To evaluate the possible NSC recovery from acute 
oxidative stress, cells were placed in fresh NP-free DMEM 
for an additional 4 hours after exposure to SPIONs. The 
obtained results clarified the effect of particular SPIONs on 
NSCs (Figure 3). For 20 and 100 mg/L UnSPIONs, DCF 
fluorescence was again significantly lower than controls, 
as it was prior to the recovery phase, while it was signifi-
cantly increased postrecovery in the NSCs exposed to the 
highest concentration of UnSPIONs. For all UnSPION 
concentrations applied, the level of EOH fluorescence was 
unchanged in the exposed compared to the control NSCs 
postrecovery. Interestingly, ROS formation was inhibited 
after recovery in NSCs exposed to the lowest concentration 
of either ManSPIONs or PLLSPIONs. Significant increases 
in hydroxyl radicals were observed in NSCs after recovery 
from exposure to the highest dose of ManSPIONs and to 
the middle dose of PLLSPIONs.
cellular antioxidant response
The action of intracellular molecular antioxidant GSH was 
assessed with the thiol-interactive fluorescent dye MBCl. 
Although significantly lower, the DCF and EOH fluores-
cence in the treated compared to the control cells may 
implicate an absence of any ROS in treated NSCs; signifi-
cant depletion of GSH indicated oxidative stress caused by 
SPION treatment. After 4 hours, the decline in GSH levels 
in the treated compared to control NSCs was significant and 
concentration-dependent for all SPIONs (Figure 4). The 
lowest SPION concentration (20 mg/L) caused a decrease 
Figure 1 Transmission electron microscopy of differently coated superparamagnetic iron oxide nanoparticles.
Notes: (A) Uncoated; (B) coated with d-mannose; (C) coated with poly-l-lysine. Images were recorded at ×85,000 magnification.
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in intracellular GSH level by 40%, while the tenfold-higher 
SPION concentration decreased GSH by 60% compared to 
control cells. The positive control, NSCs treated with H
2
O
2
 
(200 µM), reduced the GSH level to 50%±3% (P,0.01) 
compared to negative controls. Additionally, there was a 
recovery of GSH levels in NSCs after 4 hours in NP-free 
DMEM (Figure 4). A possible reason for this phenomenon 
was the recycling of oxidized GSH by the cell-defense 
system. Figure 4 shows that differently coated SPIONs 
had a similar effect on the GSH status of NSCs. For the 
lowest-dose treatments, GSH levels completely recovered, 
but it were still significantly lower in NSCs treated with 
100 mg/L or higher dose of SPIONs compared to control 
cells (Figure 4).
Regulation of oxidative stress by antioxidant enzymes 
was determined by measuring the activities of SOD and GPx 
in NSCs after a 4-hour exposure to different SPIONs. The 
results presented in Figure 5 confirmed that the treated NSCs 
encountered oxidative stress. SOD activity was significantly 
lower in cells treated with ManSPIONs and PLLSPIONs than 
in control NSCs, whereas only the highest dose of UnSPIONs 
caused significant change. However, SOD response was not 
clearly dependent on the SPION dose. On the contrary, a 
4-hour exposure of NSCs to SPIONs led to a dose-dependent 
increase in GPx activity compared with the untreated cells 
(Figure 5). The PLLSPIONs had the most pronounced effect 
on GPx, increasing its activity by 15%, 20%, and 39% 
at 20, 100 and 200 mg/L, respectively, compared to controls 
(Figure 5). Similarly to the results for SOD, the UnSPION 
effect on GPx activity was the lowest compared to the other 
two SPION types.
Changes in mitochondrial membrane 
potential
Toxic oxidative stress may perturb mitochondrial function in 
many different ways, including dissipation of the MMP. The 
specific voltage-dependent dye DiOC
6
 was used to investigate 
whether different SPIONs could change the MMP in NSCs. 
This dye was used at a low concentration (20 nM) in non-
quenching mode to prevent dye aggregation and quenching 
in the mitochondria. In addition, experimental setup included 
NSC treatment before dye loading, in order to make a static 
comparison of preexisting relative mitochondrial polariza-
tion between control and experimental treatments. In such an 
Figure 2 Effect of superparamagnetic iron oxide nanoparticles (SPIONs) with 
different surface coating on cell viability measured by the Cell Counting Kit 8 assay.
Notes: Neural stem cells were exposed to different concentrations, given in mg/L, 
of SPIONs for 24 hours. Control cells were cultivated in nanoparticle-free exposure 
media (negative controls) or treated with dimethyl sulfoxide (positive controls). 
The data for cell viability, expressed as the mean of three independent experiments 
conducted in five replicates, were calculated as percentages of the values measured 
in control cells. Error bars represent standard deviation. *P,0.05 compared with 
negative control.
Abbreviations: UnSPIONs, uncoated SPIONs; ManSPIONs, d-mannose-coated 
SPIONs; PLLSPIONs, poly-l-lysine-coated sPIONs.
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Table 2 Evaluation of primary DNA damage in neural stem cells following 24-hour exposure to uncoated superparamagnetic iron 
oxide nanoparticles (UnSPIONs), and coated with d-mannose (MansPIONs) or poly-l-lysine (PllsPIONs)a
Treatment  
concentrations
Tail length Tail intensity
Median Minimum–maximum Median Minimum–maximum
control 15.83 12.5–30 0.9 0–6.62
UnsPIONs
20 mg/L 27.71* 17.5–65.42 5.39* 0.38–28.95
100 mg/L 21.25* 13.75–72.5 2.46* 0–23.34
200 mg/L 16.67 13.33–55.83 1.57 0–22.74
MansPIONs
20 mg/L 21.46* 14.17–47.08 2.85* 0.03–27.56
100 mg/L 17.5 13.75–39.58 1.83 0–10.54
200 mg/L 18.13* 12.08–67.08 2.21* 0–31.81
PllsPIONs
20 mg/L 29.79* 18.75–60.42 6.18* 0.32–29.99
100 mg/L 18.54* 12.92–47.08 1.54 0–12.36
200 mg/L 17.08 12.50–57.92 1.32 0–17.03
Notes: aParameters of the alkaline comet assay were estimated on 110 comets per cell. *P,0.05 compared to control.
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experimental setup, depolarized (less negative) mitochondria 
have lower cationic dye concentrations and lower fluorescence, 
while hyperpolarized (more negative) mitochondria are char-
acterized by higher dye concentrations and fluorescence.
Treatment of NSCs with SPIONs for 4 hours induced 
significant increase in MMP compared to control cells, 
detected by increased fluorescence for DiOC
6
 (Figure 6). 
This is a clear indication of mitochondrial hyperpolariza-
tion. However, the changes in MMP caused by SPIONs 
were not dose- or type-dependent. All SPIONs, irrespective 
of the type of surface coating, increased MMPs by 
30%–50% compared to untreated NSCs. Consistently, 
the same pattern was observed for H
2
O
2
 treatment as 
the positive control (Figure 6), indicating that oxidative 
stress causes mitochondrial membrane hyperpolarization 
in NSCs.
Dissipation of cellular membrane 
potential
The effect of different SPIONs on MP changes in NSCs 
was studied using the Fivephoton ion-channel MP assay kit. 
The fluorescence intensities (∆F/F
0
) decreased in a dose-
dependent manner in the presence of increasing SPION con-
centrations applied compared to negative controls (Figure 7). 
Consequently, the calculated changes in MP (∆E) became 
more negative upon treatment with SPIONs, indicating 
cell-membrane depolarization. All SPION types induced 
significant and dose-dependent depolarization of the cell 
membrane in NSCs after just 30 seconds (Figure 7). After a 
pronounced increase at the beginning of the treatment, ∆E 
remained significantly higher during the next 10 minutes, 
indicating long-term depolarization of the cell membrane. 
The highest extent of depolarization was caused by the 
Figure 3 Effect of SPIONs with different surface coating on ROS levels measured 
by the DCFH-DA and DHE staining methods.
Notes: Neural stem cells were exposed to different concentrations of SPIONs, 
given in mg/L, for 4 hours (solid filled columns). To evaluate possible neural stem 
cell recovery from acute oxidative stress, cells were placed in fresh nanoparticle-
free Dulbecco’s Modified Eagle’s Medium for an additional 4 hours after exposure 
to sPIONs (dotted columns). control cells were cultivated in nanoparticle-
free exposure media (negative controls) or treated with 100 µM of hydrogen 
peroxide (positive controls). The data for cell viability, expressed as the mean of 
three independent experiments conducted in five replicates, were calculated as 
percentages of the values measured in control cells. Error bars represent standard 
deviation. *P,0.05 compared with negative control.
Abbreviations: SPIONs, superparamagnetic iron oxide nanoparticles; ROS, 
reactive oxygen species; DCFH-DA, dichlorodihydrofluorescein diacetate; DHE, 
dihydroethidium; UnSPIONs, uncoated SPIONs; ManSPIONs, d-mannose-coated 
SPIONs; PLLSPIONs, poly-l-lysine-coated sPIONs.
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Figure 4 Effect of SPIONs with different surface coating on total GSH content 
measured by MBCl assay in neural stem cells.
Notes: After 4 hours of exposure (solid filled columns) and after 4 hours of 
recovery (dotted columns). The data, expressed as the mean of three independent 
experiments conducted in five replicates, were calculated as percentages of the 
values measured in negative controls (cells in nanoparticle-free exposure media). 
Positive controls represent cells treated with 100 µM of hydrogen peroxide. Error 
bars represent standard deviation. *P,0.05 compared with negative control.
Abbreviations: SPIONs, superparamagnetic iron oxide nanoparticles; GSH, gluta-
thione; MBCl, monochlorobimane; UnSPIONs, uncoated SPIONs; ManSPIONs, 
d-mannose-coated SPIONs; PLLSPIONs, poly-l-lysine-coated sPIONs.
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Figure 5 Effect of SPIONs with different surface coating on the activities of GPx and 
SOD in neural stem cells after 4 hours of exposure.
Notes: The data, expressed as the mean of three independent experiments 
conducted in five replicates, were calculated as percentages of the values measured 
in negative controls (cells in nanoparticle-free exposure media). Positive controls 
represent cells treated with 100 µM of hydrogen peroxide. Error bars represent 
standard deviation. *P,0.05 compared with control.
Abbreviations: SPIONs, superparamagnetic iron oxide nanoparticles; UnSPIONs, 
uncoated SPIONs; ManSPIONs, d-mannose-coated SPIONs; PLLSPIONs, poly-l-
lysine-coated sPIONs.
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PLLSPIONs, whereas UnSPIONs induced the lowest NSC-
membrane depolarization.
DNa damage
In the case of the comet assay, it is recommended that con-
centrations for cell treatment should be in the range from 
nontoxic to ~80% viability, while prolonged exposure is 
required to ensure uptake by cells and access to DNA.42 It 
should also be emphasized that no modifications of the assay 
are necessary during the testing of NPs.42 In our experiments, 
positive and negative controls were included to demonstrate 
correct performance of the assay and ensure reproducibility. 
Untreated cells were used as negative controls to show the 
background level of DNA damage, whereas the cells treated 
with hydrogen peroxide, which induces strand breaks, were 
used as positive controls.
The comet assay on NSCs treated with different SPIONs 
for 24 hours showed a significant increase in tail length 
and tail intensity compared to control cells (Table 2), 
which provided the extent of DNA damage. A comet-like 
tail in electrophoresis implies the presence of a damaged 
DNA strand that lags behind that of normal DNA. During 
electrophoresis, DNA does not migrate on its own, but only 
its relaxed loops and damaged fragments. The tail of the 
comet is the result of the migration of relaxed DNA loops 
and DNA fragments (smaller or larger as results of DNA 
breaks) that are pulled in by the electric field. The length of 
these loops/fragments determines the length of the comet tail. 
On the other hand, tail intensity indicates the actual percent-
age of damaged DNA in the tail, since there are agents that 
can cause a few small DNA breaks very distant from the 
DNA core, and yet represent a small percentage of DNA 
in the tail (small percentage of DNA damage). Therefore, 
it is the tail intensity rather than the tail length that is really 
increased beyond a critical amount of damage.43 Our results 
on tail lengths and tail intensities were coherent, and both 
of the measured parameters demonstrated that lower dose 
of SPIONs induced heavier DNA damage. With increased 
SPION concentration, tail lengths and tail intensities became 
lower (Table 2), which could be explained by the aggregation 
behavior of SPIONs. During the 24 hours, higher concen-
trations of NPs would promote particle aggregation and/or 
agglomeration, reducing the effective dose of SPIONs. When 
SPIONs with different surface coatings were compared, the 
highest DNA damage was recorded for PLLSPIONs, whereas 
Figure 6 Effect of SPIONs on mitochondrial membrane potential measured by 
DiOc6 staining in neural stem cells after 4 hours of exposure.
Notes: The data, expressed as the mean of three independent experiments 
conducted in five replicates, were calculated as percentages of the values measured 
in negative controls (cells in nanoparticle-free exposure media). Positive controls 
are cells treated with 100 µM of hydrogen peroxide. Error bars represent standard 
deviation. All treatments were significantly different from negative controls at 
P,0.05.
Abbreviations: SPIONs, superparamagnetic iron oxide nanoparticles; UnSPIONs, 
uncoated SPIONs; ManSPIONs, d-mannose-coated SPIONs; PLLSPIONs, poly-l-
lysine-coated sPIONs.
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Figure 7 Effect of SPIONs on cell-membrane potential during 5 minutes of neural 
stem cell exposure.
Notes: The data, obtained as the mean of three independent experiments 
conducted in five replicates, were calculated as the difference between fluorescence 
intensities of treated and control (untreated) cells (∆F/F0) divided by the initial 
fluorescence intensity (F0), and as changes in membrane potential (∆E) in mV. error 
bars represent standard deviation. All treatments were significantly different from 
controls at P,0.05.
Abbreviations: SPIONs, superparamagnetic iron oxide nanoparticles; UnSPIONs, 
uncoated SPIONs; ManSPIONs, d-mannose-coated SPIONs; PLLSPIONs, poly-l-
lysine-coated sPIONs.
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ManSPIONs caused the lowest increase in tail length and 
tail intensity (Table 2).
Discussion
The present study has shown that SPIONs altered the oxidant/
antioxidant status of NSCs, causing significant biological 
effects, which could not be detected by a mere measuring of 
cell viability. Observed GSH depletion, decreased SOD, and 
increased GPx activity, mitochondrial membrane hyperpo-
larization, cell-membrane depolarization, and DNA damage 
could be considered early consequences of ROS production 
induced by the intracellular actions of SPIONs. The cellular 
response to SPIONs was similar to those of other metallic 
NPs noted on various cell types.10,16–18,44,45
Although ROS levels were significantly lowered after 
4 hours in treated compared to control cells evaluated by 
DCFH-DA and DHE staining, this certainly cannot be 
explained by the beneficial effect of SPIONs on NSCs. Other 
oxidative stress parameters measured in this study showed 
that the upregulation of antioxidative defense mechanisms 
occurred in NSCs exposed to NPs, which in turn efficiently 
decreased the produced ROS. Indeed, GSH was found to be 
strongly depleted in response to SPIONs, with no differences 
among SPION types. As GSH is the major endogenous anti-
oxidant scavenger that protects cells from oxidative stress, 
its preservation is critical for cell survival.46 A decrease in 
GSH levels may be explained by its role in the efficient 
de gradation of the radicals formed during oxidative stress. 
As an alteration in GSH level indicates the adaptive response 
of the cell to oxidative damage,47 we consider this depletion 
an indirect measure for persistent acute oxidative stress 
caused by SPIONs.
According to the hierarchical oxidative stress hypothesis,47 
cells respond via protective antioxidant mechanisms to even 
a minimal amount of ROS, which may result in different 
levels of biological injury. Various in vivo studies described 
molecular injury caused by oxidative stress after exposure to 
iron oxide NPs.23,47,48 Evaluations of other intracellular anti-
oxidant system impairments by SPIONs, such as activities of 
SOD and GPx, only confirmed our assumption. Along with 
the GSH, these enzymatic defense mechanisms also play an 
important role in minimizing the production and action of 
harmful ROS. It should be emphasized that no significant 
differences among the responses of GSH, SOD, or GPx 
were observed upon exposure to differently coated SPIONs 
(Figures 4 and 5).
SOD is specialized for dismutation of the highly reactive 
superoxide radical to the less toxic hydrogen peroxide, 
which in turn is decomposed by GPx at low concentra-
tions and by catalase at high concentrations. In addition, 
the activity of GPx also indicates the consumption rate of 
GSH. SOD activity was significantly lower in NSCs exposed 
to ManSPIONs and PLLSPIONs compared to controls, 
even at the lowest SPION concentration applied, while 
UnSPIONs caused a significant decrease in SOD activity at 
only the highest concentration. Although these changes did 
not follow a dose-dependent trend, they demonstrated the 
presence of oxidative stress in NSCs upon treatment with 
SPIONs. SOD is considered the primary defense line against 
oxidative stress.49 If oxidative stress is not very strong, SOD 
activity increases, whereas persistent and profound oxidative 
stress decreases SOD activity, either by the direct binding 
of SPIONs to the SOD or by a ROS were production at an 
amount that disables its activity.
On the contrary, GPx activity significantly increased in 
treated compared to control NSCs with increased SPION 
dose. The excess of hydrogen peroxide causes the inactiva-
tion of SOD,50 while GPx participates in the oxidative stress 
response when the concentration of hydrogen peroxide 
increases. With the GSH as a substrate, the observed changes 
for GPx, SOD, and GSH indicated that the defense system 
in NSCs exposed to SPIONs was activated to decrease the 
peroxy-radical level.
However, ROS formation and elimination are dynamic 
processes that occur as part of maintaining redox cellular 
homeostasis.51 At mild oxidative stress conditions, restoration 
of this homeostasis is easily handled by different defense 
mechanisms in which the GSH has the key role. To evalu-
ate the severity of observed acute oxidative stress in NSCs 
induced by SPIONs, ROS and GSH levels were measured 
in the treated NSCs after 4 hours of recovery. The results 
were quite interesting (Figures 3 and 4), showing that the 
antioxidative defense system was capable of neutralizing 
ROS in NSCs exposed to lower SPION doses. Only the high-
est dose of all three types of SPIONs induced a pronounced 
formation of hydroxyl radicals. ROS formation was firstly 
decreased by the defense system, which was unable to return 
to cellular redox homeostasis. The reason may have been 
the high amount of SPIONs accumulated in the treated cells 
due to the direct effect of SPIONs, released iron ions, and 
subsequent generation of hydroxyl radicals by Fenton-like 
reactions. Continuous ROS generation will eventually over-
come the cellular defense system. Since it is evident from the 
results obtained for GSH, SOD, and GPx parameters that this 
system was activated, it can be concluded that the SPIONs 
caused acute oxidative stress. It should also be stressed that 
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ManSPIONs induced the lowest, while PLLSPIONs caused 
the highest changes in oxidative stress markers in treated 
compared to control NSCs.
MMP measurements provided additional evidence of 
oxidative stress induced by SPIONs in NSCs. The observed 
hyperpolarization of the mitochondrial membrane probably 
occurred as a result of NSC-defense response against func-
tional disorders caused by SPIONs, which did not affect cell 
viability. Similar behavior has already been described for 
neuronal cells in other stress conditions.52,53 It is interesting 
that our results were opposite to the results described for cell 
response upon exposure to magnetite NPs,19 where mitochon-
drial membrane depolarization and increased ROS levels in 
treated human lung cells were observed. Toxic oxidative 
stress perturbs mitochondrial function in a number of ways, 
including MMP disruption. Mitochondrial hyperpolarization 
is a transient event that precedes the release of apoptogenic 
factors during apoptosis. It is mainly caused by ATP deple-
tion, subsequent interruption of the proton pumps associated 
with the electron-transport chain on the inner mitochondrial 
membrane, and release of ROS in the cytosol.54–61 The MMP 
is established by the proton pump of the electron-transport 
chain or mitochondrial respiratory chain,61 and is involved in 
programmed cell death.56 The dissipation of MMP induced 
by increased ROS production is a common observation 
when toxicity leads to cell death by apoptosis, necrosis, or 
autophagy.56,61,62
The exact pathophysiological role of mitochondrial 
hyperpolarization has yet to be determined. It is proposed 
as a step to inhibit apoptosis.63 In the case of neurons, a 
positive correlation was found between MMP and neuronal 
survival, ie, neurons having hyperpolarized mitochondrial 
membranes survive longer.53 In our case, NSCs obviously 
counteracted the stress upon SPION exposure by engaging 
different defense systems, and the change in MMP was 
among them.
To examine disturbance in CMP, the Fivephoton ion-
channel MP assay was used. Dissipation of CMP was 
observed for all SPION types in a dose–response manner. 
The PLLSPIONs induced the highest and ManSPIONs the 
lowest increase in ∆E in the cell membrane in treated com-
pared to control NSCs in a dose–response manner. Oxidative 
stress induces cell-membrane depolarization by disturbing 
its assembly, which in turn causes changes in membrane 
fluidity and permeability, alterations of ion transport, and the 
inhibition of metabolic processes.64 Depolarization of the cell 
membrane modulates differentiation processes in dividing 
neural cells,65,66 and the regulation of ROS level seems to be 
critical for neuronal development.67 As the control of stem 
cell migration and differentiation is a major concern in stem 
cell-based therapy, it would be advisable that NP applications 
for stem cell labeling are free of any unexpected perturbation 
in CMP and ROS production.
Consistent with previously described findings, the expo-
sure of NSCs to SPIONs was accompanied with a significant 
increase in DNA damage and production of chain breaks, 
probably due to the attack of ROS, which caused damage 
to proteins, membranes, and DNA.68–70 The results of the 
comet assay demonstrated the genotoxic potential of the 
SPIONs regardless of their coating, although the extent of 
the response to particular SPIONs varied. Among the three 
SPION types tested, ManSPIONs had the lowest genotoxic 
potential, whereas the most pronounced increase in tail length 
and tail intensity was observed upon exposure of NSCs to 
PLLSPIONs.
Although surface coating is expected to prevent the 
toxic effects of SPIONs, our results showed that all of the 
tested types of SPIONs affected the NSCs by disturbing 
the mitochondrial homeostasis, CMP, and DNA integrity. 
In contrast to other studies showing that uncoated SPIONs 
have a more deleterious effect on cell behaviour,71,72 there 
were no significant differences in toxicity end points between 
the different coatings applied in our study. More interest-
ingly, there was no dose–response relationship for some of 
the measured parameters, which could be explained by the 
agglomeration behavior of SPIONs. Agglomeration would 
be more pronounced at higher concentrations, which in turn 
decreases effective dose of SPIONs.36
In contrast to studies claiming low cytotoxicity of SPI-
ONs at doses of 100 mg/L or higher,14,73 this study showed 
that many subtle cellular functions might be impaired but 
left unobserved when evaluating only rough toxicity end 
points. We did not observe that the coating of maghemites 
prevented their toxicity. It is possible that the SPIONs’ aber-
rant cellular effects may be even stronger when applied in tis-
sues under pathological conditions associated with increased 
ROS levels. Oxidative stress can be amplified due to the 
presence of corroded SPIONs, and cause a vicious circle 
leading to cell death.73 It is plausible to take into account the 
possibility that SPIONs may be overloaded intracellularly 
and cause adverse cellular response. Therefore, during the 
design of novel SPIONs, demands for safety and absence of 
cellular toxicity should not fall behind labeling efficiency and 
appropriate magnetism. To prevent toxic side effects, design 
should be directed toward chemically stable and oxidation-
resistant SPIONs.
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Conclusion
The SPIONs in murine NSCs were accompanied by oxida-
tive stress caused by an imbalance in the ROS formation and 
antioxidant cell-defense system. NSCs exposed to SPIONs 
had depleted intracellular GSH levels, altered activities of 
SOD and GPx, hyperpolarization of the mitochondrial mem-
brane, dissipated CMP, and DNA damage, irrespective of 
the surface coating applied for stabilization of SPIONs. This 
indicated the need for systematic toxicological examination 
to detect cellular effects of novel bionanomaterials. Given 
that efficient diagnosis and treatment with SPIONs require 
sufficient cell uptake, the biocompatibility and biosafety 
evaluation of SPIONs remains a necessary prerequisite for 
biomedical application.
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